Experimental results on the temperature dependence of the entropy change induced by magnetic field in a Ni-Mn-In-Co ferromagnetic shape memory alloy have been analyzed. Different behaviors of the entropy change ⌬S versus temperature have been observed, depending on the value of polarizing magnetic field. In addition, the magnetocaloric effect shows over certain temperature range, a limit value corresponding to the transformation entropy ⌬S tr . To explain the experimental results, a model, which takes into account the value of the martensitic transformation temperature shift and the transformation temperature range, has been proposed. The model allows to estimate the entropy change as a function of temperature and applied magnetic field from a few experimental data and therefore a first estimation of the refrigerant capacity of the system can be done.
I. INTRODUCTION
The magnetocaloric effect ͑MCE͒ is characterized by the temperature change produced in a sample when a magnetic field is applied or removed under adiabatic condition or equivalently, as the entropy change in isothermal conditions. Both terms are related through the specific heat of the sample.
1 One of the topics of increasing interest is the search for an alternate technology for refrigeration that would replace the conventional gas compression-expansion technique. In this way, magnetic materials exhibiting MCE are promising candidates.
1,2 Among these materials ferromagnetic shape memory alloys ͑FSMA͒ based on Heusler compounds show large values of MCE at the martensitic transformation ͑MT͒ due to the abrupt change in the magnetization through the structural transition. The difference in ferromagnetic exchange interactions in each phase promotes a discontinuous magnetization, and hence, a magnetic entropy change at the MT temperature. 3 From the application point of view, large values of the MCE effect over broad temperature ranges are desirable.
In particular, Ni-Mn-Ga alloys close to Heusler Ni 2 MnGa are the most studied FSMA due to their magnetostrictive behavior which allows their use as a magnetic actuator. 4 The maximum direct MCE ͑⌬S Ͻ 0͒ observed in this alloy system ͑⌬S = −20.4 J / kg K at 5 T͒ occurs when both the first order structural and second order magnetic transition ͑from paramagnetic to ferromagnetic at T c ͒ temperatures lie close to each other. 5 Regarding the study in other Heusler alloys, inverse MCE when application of a magnetic field adiabatically causes the sample to cool, was reported in Ni-Mn-Sn alloys with ⌬S =18 J/ kg K at 5 T. 6 The inverse MCE is a direct consequence of the evolution of the magnetization over the temperature range of the first order structural transition ͑‫ץ‬M / ‫ץ‬T Ͼ 0 as the magnetization of the martensite is lower than that of the austenite͒.
1 Subsequently, the inverse MCE at the MT has been observed in different systems, Ni-Mn-In, [7] [8] [9] [10] [11] [12] [13] Ni-Mn-Sn ribbons, 14 Ni-Mn-Sn-X ͑X=Co,Fe,Cr͒, 15, 16 Ni-Mn-Sb, 17 Ni-Mn-Sb-Co, 18 and
Ni-Mn-In-Co. 19 The large inverse MCE in these FSMA is due to the strong difference between the magnetization of phases involved in the magnetostructural transition as the martensite is paramagnetic. 20 Such MT, which is accompanied by a change in the magnetic ordering is an example of a magnetostructural transition. 21 When a system undergoes a first order transformation the entropy of the system as a function of the temperature suffers a discontinuity linked to the transformation entropy ⌬S tr On the other hand, application of a magnetic field promotes a shift in the transformation temperature expressed by the Clausius-Clapeyron equation. If the effect of the magnetic field is strong enough to induce the first order transition but its effect on the heat capacities of the two phases is small a limit value of the MCE with ⌬S Ϸ ⌬S tr should be expected. 22 In fact it is the magnetic measurements from which the MCE is usually estimated probably, because they are more available than the direct measurement of the field-induced adiabatic temperature change ⌬T. The isothermal entropy change ⌬S induced by the applied magnetic field is obtained from isothermal magnetization curves M͑H͒ T by numerical integration of the Maxwell relation. In the case of first order magnetostructural transitions this procedure has been a matter of controversy due to the presence of transformation hysteresis. [23] [24] [25] Fictitious high values of ⌬S, i.e., a spike peak, can be obtained from isothermal magnetization curves as a mathematical artifact. According to classical thermodynamics, the entropy change ⌬S͑T , H͒ can be indirectly determined from magnetic measurements using the following expression:
The numerical integration of ‫ץ‬M / ‫ץ‬T from a set of magnetization versus temperature spectra at different constant values of applied field M͑T͒ H , using Eq. ͑1͒, is the correct procedure. 25 In this paper, the analysis of the MCE in a Ni-MnIn-Co alloy is reported. The measured MCE under an applied magnetic field up to 60 kOe shows clearly a limit value corresponding to the transformation entropy. A simple model taking into account the temperature shift in the MT under the magnetic field and the temperature interval where the reverse MT spreads has been proposed to explain the observed behavior.
II. MATERIAL AND EXPERIMENTAL TECHNIQUES
An alloy with nominal composition Ni 45 Mn 36.7 In 13.3 Co 5 at. % was produced by arc-melting followed by several consecutive remeltings in order to homogenize the ingot. After 24 h homogeneization at 1170 K under vacuum, samples were annealed at 1070 K for 1800 s and slowly cooled in air. To evaluate the MCE associated to the MT temperature dependences of the magnetization M͑T͒ H after zero field cooling were determined at different applied magnetic fields during heating between temperatures which include the reverse MT temperature domain by using a Quantum Design MPMS XL-7 SQUID magnetometer. 26 Zero field cool heating runs avoid the arrest of the transformation effect which would take place on cooling runs under field. [27] [28] [29] Differential scanning calorimetry ͑DSC͒ analysis reveals that in zero field the martensite to austenite transition peak maximum is at A p = 258 K, the transformation entropy, estimated as the latent heat ⌬H divided by DSC peak temperature, ⌬S tr =10Ϯ 1 J/ kg K and the Curie temperature, T c = 386 K in agreement with Ref. 29 . Figure 1 shows M͑T͒ H curves for different applied fields between 100 Oe and 60 kOe in the temperature range of the reverse MT. In the entire range of applied magnetic fields the magnetization increases during heating in the range of the magnetostructural transition due to the higher magnetization of the austenite. The decrease in the MT temperature under applied field can be estimated directly from the position of the maximum of ‫ץ‬M͑T͒ H / ‫ץ‬T derivative, which can be considered as similar to the DSC peak temperature A p . The sensitivity of the MT to the applied field obtained this way is 1 K kOe −1 , see the inset in Fig. 1 . This value can be compared with the one obtained from the Clausius-Clapeyron equation and DSC data. Taking, for H = 60 kOe, the difference between the magnetizations of austenite and martensite ⌬M =95Ϯ 5 emu/ g and ⌬S tr =10Ϯ 1 J/ kg K, one obtains:
III. RESULTS AND DISCUSSION
The latter value is in a good agreement with the one obtained from the direct determination of the MT shift. According to Eq. ͑1͒, positive values of the entropy change are expected when the magnetization increases with temperature for the full set of applied fields as in the measurements shown in Fig. 1. Figure 2 shows the evolution of the entropy change ⌬S for three different applied magnetic fields, 10, 40, and 60 kOe, in the temperature range of the reverse MT. A maximum entropy change ⌬S =7 J/ kg K is achieved for 40 kOe at a temperature of 245 K and for 60 kOe in a temperature range between 225 and 245 K. For the lowest field, 10 kOe, a similar behavior to that of 60 kOe is observed but a lower maximum value of the entropy change, ⌬S =3 J/ kg K is reached. The evolution of the MCE as a function of the applied magnetic field can be explained based on the entropy variation during the first order transition, taking into account the thermoelastic nature of the MT. Figure  3͑a͒ shows schematically variations in the entropy S ͑or austenite fraction x A ͒ with temperature under different polarizing fields. S 0 ͑T͒ ͑black line͒ represents the entropy at zero field. Due to the presence of an elastic term in the thermoelastic balance the MT spreads over certain temperature range:
30 the reverse MT starts at A s ͑0͒ and finishes at A f ͑0͒ and the entropy change is linked to the transformation entropy ⌬S tr = ⌬E tr / T 0 , where ⌬E tr is the transformation enthalpy and T 0 is the equilibrium temperature between both phases. As it has been pointed out, in the present Ni-MnIn-Co alloy the magnetic field stabilizes the austenite with respect to the martensite lowering the equilibrium temperature with the temperature shift, ⌬T = T 0 ͑H͒ − T 0 ͑0͒ Ͻ 0, given by the Clausius-Clapeyron relation. Thus, S 1 , S 2 , and S 3 ͑green, blue, and red lines, respectively͒, describe the entropy versus temperature for increasing applied fields, H 1 Ͻ H 2 Ͻ H 3 . The small effect of the magnetic field on the heat capacity both below and above the transition has been neglected in this scheme as well as the temperature and field dependence of ⌬S tr = ⌬E tr / T 0 as it is commonly accepted.
22
It is worth to notice that the above assumptions on ⌬S tr together with dT / dH being independent of the field, lead to ⌬M being independent of the field ͑or equivalently ͑‫ץ‬M / ‫ץ‬T͒ H = constant , which sounds a bit more surprising than the more usual ⌬S tr Ϸ constant. 31 Hence, from temperatures where the low temperature phase is stable, the maximum entropy change due to the application of a magnetic field must be the transformation entropy ⌬S = ⌬S tr = ⌬E tr / T 0 provided the applied field induces the complete reverse transformation. 22 In the case of the highest magnetic field H 3 , there is a temperature range, A f ͑3͒ Ͻ T Ͻ A s ͑0͒, where the complete reverse MT is induced by the magnetic field and the maximum ⌬S is achieved, as is shown by the red line in Fig. 3͑b͒ . For higher temperatures, A s ͑0͒ Ͻ T Ͻ A f ͑0͒, both phases coexist at zero field and only a fraction of the austenite x A , decreasing with increasing temperature, can be induced by the magnetic field. Therefore the variation in the field-induced x A determines correspondingly the decrease in ⌬S in this temperature range. On the other hand, at lower temperatures, A s ͑3͒ Ͻ T Ͻ A f ͑3͒, only a partial reverse transformation can be induced by applied field, with the fieldinduced x A increasing from 0 to 1 between A s ͑3͒ and A f ͑3͒, resulting in the corresponding increase in ⌬S with temperature, Fig. 3͑b͒ . When the magnetic field has a value H 2 , such that the reverse MT start temperature at zero field coincides with the reverse MT finish temperature at nonzero field, A s ͑0͒ = A f ͑2͒, the whole reverse MT can be induced only at this temperature ͑by the application of H 2 ͒ and consequently ⌬S Ϸ ⌬S tr is achievable only at this point. In this case the MCE effect versus temperature is schematized by a triangular shape, Fig. 3͑b͒ , blue line. For lower applied magnetic fields, as H 1 the maximum value of the MCE effect ͑⌬S = ⌬S tr ͒ is not achieved, and the obtained ⌬S in the temperature range A s ͑0͒ Ͻ T Ͻ A f ͑1͒ is constant and determined by the austenite fraction induced by the corresponding field H 1 Fig. 3͑b͒ , green line.
The suggested interpretation allows us to explain all basic experimental regularities reported in Fig. 2 . Figure 2 indicates that the value of the magnetic field for which the scenario H 2 from Fig. 3 is realized with A f ͑0͒ = A s ͑H͒, is H 2 Ϸ 40 kOe. This implies that the temperature shift ⌬T for this field must be similar to the MT temperature range A f − A s . For the present alloy both figures are in good agreement, ⌬T Ϸ A f − A s Ϸ 40 K, confirming thus, the suggested interpretation. In the case of the maximum applied magnetic field H 3 = 60 kOe, a maximum value of ⌬S Ϸ ⌬S tr is achieved over a temperature range of Ϸ20 K ͑resulting from Ϸ60 K shift produced by the field minus the extension ⌬T Ϸ A f − A s ͒, again as it should be expected from the experimentally determined sensitivity of the MT to the magnetic field of around −1 K kOe −1 and the extension of the transformation. The difference between the maximum ⌬S value of about 7 J/kg/K and ⌬S tr =10Ϯ 1 J/ kg K will be discussed below. Finally, for lower fields the obtained MCE effect is lower and also demonstrates a kind of a plateau as is shown in Fig. 2 for H 1 = 10 kOe, again in agreement with the suggested explanation. Thus, qualitatively different behaviors of ⌬S revealed by present experiments depend on the applied magnetic field, the field-induced MT temperature shift and the MT range, and can be consistently explained by the proposed model. This simple model/scheme allows estimating ⌬S͑T , H͒-including the temperature range of its maximum value-under the application of a field H, from a few experimental data, namely, the temperature range of the transformation, the change in the MT temperature due to the magnetic field, and the transformation entropy ⌬S tr = ⌬E tr / T 0 . Thus a first estimation of the MCE and of the refrigerant capacity can be obtained through this model, without performing the numerical derivatives and integration required by the application of Eq. ͑1͒. Figure 4 shows ⌬S plotted as a function of the applied magnetic field for different temperatures. As it has been discussed previously ⌬S͑T͒ ϰ x A ͑T͒. At low temperatures, T Ͻ 220 K, only a partial reverse MT is induced by the magnetic field up to 60 kOe, and the field-induced fraction of austenite x A increases with temperature, resulting in a similar increase in ⌬S. In an intermediate temperature range ͑225-245 K͒ the complete reverse MT is induced by the field, even for lower values than 60 kOe, and ⌬S reaches its maximum value. At higher temperatures, where both phases coexist at zero field, the induced austenite fraction x A and ⌬S diminish as the temperature increases. It has been argued that the maximum value of the entropy change induced by the applied magnetic field is the transformation entropy, ⌬S Ϸ ⌬S tr . However, in our case ⌬S =7 J/ kg K and ⌬S tr as obtained from calorimetric measurements ⌬S tr =10Ϯ 1 J/ kg K. To understand the discrepancy between both values a pure magnetic contribution to the entropy change, which represents the conventional direct MCE and have the sign opposite to the entropy change due to the MT, must be taken into account. In fact, a negative MCE with ⌬S =−2 J/ kg K is obtained at 300 K. This temperature is above A f ͑0͒ and the pure magnetic term is the only remaining contribution outside of the transformation range. This negative contribution to the total MCE explains the larger part of the discrepancy between ⌬S and ⌬S tr . Besides this correction, the negative slope of ⌬S͑T͒ which can be clearly seen in Fig. 4 for high magnetic fields at 260 and 270 K, is also due to the contribution of this conventional direct MCE: concomitant with the induction of the austenite phase by the magnetic field, the increase in the field promotes the decrease in the magnetic entropy of the system. This effect can also be seen in the negative slope of the curves M͑T͒ H of Fig. 1 for temperatures above ϳ250 K and higher fields.
In view of technical applications, large values of the MCE effect in broad temperature ranges near room temperature are desirable. A higher shift in the MT temperature, ⌬T, under the magnetic field implies a broader range of giant MCE. According to the Clausius-Clapeyron relation to increase ⌬T, high and low values of ⌬M and ⌬S tr , respectively, are required. In contrast, ⌬S tr limits the MCE effect and consequently the refrigerant power. Therefore, a compromise between maximum value and the width of the temperature range of the MT-related MCE has to be achieved.
In summary, the inverse MCE at the MT has been measured in a Ni-Mn-In-Co FSMA. The maximum ⌬S obtained is limited by the transformation entropy ⌬S tr . Thus a ⌬S =7 J/ kg K was achieved in a temperature range of 20 K. To explain the experimental results a model, which takes into account the value of the MT temperature shift and the transformation temperature range, has been proposed.
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